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Description 

[0001] The present inv ntion relates to an Improved catalyst for the oxidation of alkan s or a mixture of alkanes and 
atkenes to th ir con^ sponding unsaturat d carboxylic acids by vapor phase catalytic oxidation; to a method of making 
th catalyst; and to a process for the vapor phase catalytic oxidation of alkan s or a mixtur of alkan s and alkenes 
to their corresponding unsaturated carboxylic acids. 

[0002] The present invention also relates to a method of producing unsaturated nitriles by subjecting alkanes or a 
mixture of alkanes and alkenes to vapor phase catalytic oxidation in the presence of ammonia. 
[0003] Nitriles, such as acrylonitrileand methacrylonitrile, have been industrially produced as important intemriediates 
for the preparation of fibers, synthetic resins, synthetic rubbers, and the like. The most popular method for producing 
such nitriles is to subject an olefin such as propene or isobutene to a catalytic reaction with ammonia and oxygen in 
the presence of a catalyst in a gaseous phase at a high temperature. Known catalysts for conducting this reaction 
Include a Mo-Bi-P-O catalyst, a V-Sb-O catalyst, an Sb-U-V-Ni-O catalyst, a Sb-Sn-O catalyst, a V-Sb-W-P-O catalyst 
and a catalyst obtained by mechanically mixing a V-Sb-W-O oxide and a Bi-Ce-Mo-W-O oxide. However, in view of 
the price difference between propane and propene or between isobutane and isobutene, attention has been drawn to 
the development of a method for producing acrylonitrile or methacrylonitrile by an ammoxidation reaction wherein a 
lower alkane, such as propane or isobutane, is used as a starting material, and It is catalytically reacted with ammonia 
and oxygen in a gaseous phase In the presence of a catalyst. 

[0004] In particular, U.S. Patent No. 5,281 ,745 discloses a method for producing an unsaturated nitrile comprising 
subjecting an alkane and ammonia in the gaseous state to catalytk: oxidation in the presence of a catalyst whtoh 
satisfies the conditions: 

(1) the mixed metal oxide catalyst is represented by the empirical fonnula 

MOaVbTeeX,0„ 

wherein X Is at least one element selected from the group consisting of niobium, tantalum, tungsten, titanium, 
aluminum, zirconium, chromium, manganese, iron, ruthenium, cobatt, rhodium, nickel, palladium, platinum, anti- 
mony, bismuth, boron and cerium and, when a = 1 , b = 0.01 to 1 .0, c = 0.01 to 1 .0. x = 0.01 to 1 .0 and n is a number 
such that the total valency of the metal elements is satisfied; and 

(2) the catalyst has X-ray diffraction peaks at the following angles (±0.3') of 29 in its X-ray diffraction pattern: 22.1 **, 
28.2^ 36.2**, 45.2«» and 50.0*. 

[0005] SImilariy, Japanese Laid-Open Patent Application Publication No. 6-228073 discloses a method of nitrile prep- 
aration comprising reacting an alkane in a gas phase contact reaction with ammonia In the presence of a mixed metal 
oxide catalyst of the formula 

W,VbTe,X,0„ 

wherein X represents one or more elements selected from niobium, tantalum, titanium, aluminum, zirconium, chromium, 
manganese, iron, ruthenium, cobalt, rhodium, nickel, palladium, platinum, antimony, bismuth, indium and cerium and, 
when a = 1 , b = 0.01 to 1 .0, c = 0.01 to 1 .0, x = 0.01 to 1 .0 and n is determined by the oxide form of the elements. 
[0006] U.S. Patent No. 6,043,185 also discloses a catalyst useful in the manufacture of acrylonitrile or methacrylo- 
nitrile by the catalytic reaction in the vapor phase of a paraffin selected from propane and isobutane with molecular 
oxygen and ammonia by catalytic contact of the reactants in a reaction zone with a catalyst, wherein the catalyst has 
the empirical formula 

MOaVbSbeGa^X^O, 

where X is one or more of As, Te, Se, Nb, Ta, W, T1, Zr. Cr, Mn, Fe, Ru. Co, Rh, Ni. Pd, Pt, B. In, Ce, Re, Ir. Ge. Sn. 
Bi, Y, Pr, an alkali metal and an alkaline earth metal; and when a = 1 , b = 0.0 to 0.99, c = 0.01 to 0.9, d = 0.01 to 0.5, 
e = 0.0 to 1 .0 and x is determined by the oxidation state of the cations present. 

[0007] Unsaturated carboxylic acids such as acrylic acid and methacryllc acid are industrially important as starting 
materials for various synthetic resins, coating materials and plasticizers. Commercially, the curr nt process for acrylte 
acid manufacture involves a two-st pcatalytk: xidationr action starting with a propene f ed. In the first stag ,prop ne 
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is conv rted to acrolein over a modified bismuth molybdate catalyst. In th second stage, acrolein product from the 
first stag is conv rted to acrylic acid using a catalyst compos d of mainly molybdenum and vanadium xid s. In most 
cases, the catalyst formulations are proprietary to the catalyst supplier, but. the technology Is well stablished. Mor - 
over, ther is an incentiv to d v lop a single step process to pr par th unsaturat d acid from its corr spending 
. 5 atkene. Therefore, the prior art describes cases where complex metal oxide catalysts are utilized for the preparation 
of unsaturated acid from a corresponding alkene In a single step. 

[0008] European Published Patent Application No. 0 630 879 B1 discloses a process for producing an unsaturated 
aldehyde and a carboxylic acid which comprises subjecting propene, isobutene or tertiary butanol to gas phase catalytic 
oxidation with molecular oxygen in the presence of (i) a catalyst composite oxide represented by the formula 

10 

Mo^BibFecA^B^qOgO^ 

wherein A represents Ni and/or Co, B represents at least one element selected from Mn, 2n, Ca, Mg, Sn and Pb, C 
15 represents at least one element selected from P, B, As, Te, W, Sb and Si, and D represents at least one element 
selected from K, Rb, Cs and Tl; and 

whereln.whena=12, 0<b<10. 0<c^10, 1 ^d^lO.O^e^ 10, O^f ^20and0^g^2. and x has a value dependent 
on the oxidation state of the other elements; and (ii) a molybdenum oxide which In itself is substantially Inert to said 
gas phase catalytto oxidation to provide the corresponding unsaturated aldehyde and unsaturated carboxylic acid. 

20 [0009] Japanese Laid-Open Patent Application Publication No. 07-063448 discloses the manufacture of acrylic acid 
by the gas-phase catalytic oxidation of propene in the presence of mixed metal oxides containing Mo, V, Te, O and X 
wherein X is at least one of Nb, Ta, W, Ti, Al, Zr, Cr. I^n, Fe, Ru, Co, Rh, Ni, Pd, R, Sb, Bi, B, In, Li, Na, K, Rb, Cs and Ce. 
[0010] Published International Application No. WO 00/09260 discloses a catalyst for selective oxidation of propene 
to acrylic acid and acrolein containing a catalyst composition comprising the elements Mo, V, La, Pd, Nb and X in the 

25 following ratio: 

Mo^VbLa^Pd^Nb^X, 

30 wherein X is Cu or Cr or a mixture thereof, 

a is 1. 

b is 0.01 to 0.9, 
c is >0 to 0.2 
35 d is 0.0000001 to 0.2, 

e is 0 to 0.2, and 
f is 0 to 0.2; and 

wherein the numerical values of a, b, c, d, e and f represent the relative gram-atom ratios of the elements Mo, V, La, 
40 Pd, Nb and X, respectively, In the catalyst and the elements are present in combination with oxygen. 

[0011] Commercial Incentives also exist for producing acrylic acid using a lower cost propane feed. Therefore, the 
prior art describes cases wherein a mixed metal oxide catalyst is used to convert propane to acrylic acid in one step. 
[0012] U.S. Patent No. 5.380,933 discloses a method for producing an unsaturated cariaoxylic acid comprising sub- 
jecting an alkane to a vapor phase catalytic oxidation reaction In the presence of a catalyst containing a mixed metal 
45 oxide comprising, as essential components, Mo, V, Te, O and X. wherein X is at least one element selected from the 
group consisting of niobium, tantalum, tungsten, titanium, aluminum, zirconium, chromium, manganese, iron, ruthe- 
nium, cobalt, rhodium, nickel, palladium, platinum, antimony, bismuth, boron, indium and cerium; and wherein the 
proportions of the respective essential components, based on the total amount of the essential components, exclusive 
of oxygen, satisfy the following relationships: 
50 0.25 < r(Mo) < 0.98, 0.003 < r(V) < 0.5, 0.003 < r(Te) < 0.6 and 0.003 <r(X) < 0.5, wherein r(Mo), r(V). r(Te) and r(X) 
are the molarf Factions of Mo, V. Te and X. respectively, based on the total amount of the essential components exclusive 
of oxygen. 

[0013] Published International Application No. WO 00/291 06 discloses a catalyst for selective oxidation of propane 
to oxygenated products including acrylk: acid, acrolein and acetic acid, said catalyst system containing a catalyst com- 
55 position comprising 

Mo^VbGa^Pd^Nb^X, 
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wherein X is at 1 ast one lement select d from La, Te, G , Zn, Si, In and W, 
a is 1, 

b is 0.01 to 0.9, 
c is >0 to 0.2, 
d is 0.0000001 to 0.2. 
e is >0 to 0.2, and 
f is .0 to 0.5; and 

wherein the numerical values of a, b, c. d, e and f represent the relative gram-atom ratios of the elements Mo, 
V. Ga, Pd, Nb and X, respectively, in the catalyst and the elements are present In combination with oxygen. 
[0014] Japanese Laid-Open Patent Application Publication No. 2000-037623 discloses a method for producing an 
unsaturated carboxylic acid comprising subjecting an alkane to a vapor phase catalytic oxidation in the presence of a 
catalyst having the empirical fomnula 

MoV,NbbX,Z,0„ 

wherein X is at least one element selected from the group consisting of Te and Sb, Z is at least one element selected 
from the group consisting of W, Cr, Ta. Ti, Zr, Hf, Mn, Re, Fe, Ru, Co, Rh, Ni, Pd, R. Ag, Zn, B, Al, Ga, In, Ge, Sn, Pb, 
P, Bi, Y, rare earth elements and alkaline earth elements, 0.1 £ a ^ 1 .0, 0.01 ^ b s 1 .0, 0.01 s c ^ 1 .0, 0 ^ d ^ 1 .0 and 
n is determined by the oxidation states of the other elements. 

[0015] Despite the above-noted attempts to provide new and improved catalysts for the oxidation of alkanes to un- 
saturated carboxylic acids and for the ammoxidatlon of alkanes to unsaturated nrtriles, one impediment to the provision 
of a commercially viable process for such catalytic oxidations Is the Identification of a catalyst providing adequate 
conversion and suitable selectivity, thereby providing sufficient yield of the unsaturated product. 
[0016] By the present Invention, there are provided promoted catalysts wherein the selectivity is greatly enhanced 
as to the base catalyst and, hence, the overall yield of the desired reaction product is also greatly enhanced. Moreover, 
with respect to the combined use of Ir and Sm, the yields of CO and CO2 are much lower than for the base catalyst 
along with the CO/CO2 ratio. 

[0017] Thus, in a first aspect, the present invention provides a catalyst comprising a promoted mixed metal oxide 
having the empirical formula 

AaMbN^X^IreSmjOg 

wherein A is at least one element selected from the group consisting of Mo and W, M is at least one element selected 
from the group consisting of V and Ce. N is at least one element selected from the group consisting of Te, Sb and Se, 
and X Is at least one element selected from the group consisting of Nb, Ta, Ti, Al, Zr, Cr, Mn, Fe, Ru, Co, Rh, Ni, R, 
Sb, BI, B, In, As, Ge, Sn. LI, Na, K, Rb, Cs, Fr. Be. Mg, Ca, Sr. Ba, Ra, Hf, Pb, P, Pm, Eu, Gd. Dy, Ho. Er, Tm, Yb and 
Lu; and 

wherein, when a= 1, b = 0.01 to 1.0, c = 0.01 to 1.0, d = 0.01 to 1.0, e = 0 or 0.001 to 0.1, f= 0 or 0.001 to 0.1 and g 
is dependent on the oxidation state of the other elements, with the proviso that e and f cannot simultaneously be 0. 
[0018] In a second aspect, the present invention provides a process for producing an unsaturated carboxylic acid, 
which comprises subjecting an alkane or a mixture of an alkane and an alkene to a vapor phase catalytic oxidation 
reaction in the presence of a catalyst containing a promoted mixed metal oxide having the empirical formula 

AaMbNcXdlreSm^Og 

wherein A is at least one element selected from the group consisting of Mo and W, M is at least one element selected 
from the group consisting of V and Ce, N is at least one element selected from the group consisting of Te, Sb and Se, 
and X is at least one element selected from the group consisting of Nb, Ta, Ti, Al, Zr, Cr, Mn. Fe, Ru, Co, Rh, Ni, R. 
Sb, Bi, B, In. As, Ge, Sn. Li, Na, K, Rb. Cs, Fr, Be. Mg, Ca, Sr, Ba, Ra, Hf. Pb. P, Pm, Eu, Gd. Dy, Ho, Er, Tm, Yb and 
Lu; and 

wherein, when a = 1 , b = 0.01 to 1 .0, c = 0.01 to 1 ,0. d = 0.01 to 1 .0, e = 0 or 0.001 to 0.1 , f = 0 or 0.001 to 0.1 and g 
is dependent on the oxidation state of the other lements, with the proviso that e and f cannot simultaneously b 0. 
[0019] In a third aspect, th present invention provid s a process for producing an unsaturated nitrile, which com- 
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prises subj cting an alkan , or a mixture of an alkane and an aikene, and annmonia to a vapor phase catalytic oxidation 
reaction in th presenc of a catatyst containing a promoted mix d m tal oxid having the mpirical formula 

.5 A^MbN^X^r^Sm^Og 

wherein A is at least one element selected from the group consisting of Mo and W, M is at least one element selected 
from the group consisting of V and Ce, N is at least one element selected from the group consisting of Te, Sb and Se, 
and X is at least one element selected from the group consisting of Nb, Ta, Ti, Al, Zr, Cr, Mn, Fe, Ru, Co, Rh, Ni, Pt, 
10 Sb. Bi, B, In, As, Ge, Sn, Li, Na, K, Rb, Cs. Fr. Be. I\^g, Ca, Sr, Ba. Ra, Hf. Pb, P. Pm, Eu, Gd. Dy. Ho. Er, Tm. Yb and 
Lu; and 

wherein, when a = 1 , b = 0.01 to 1 .0, c = 0.01 to 1 .0, d = 0.01 to 1 .0. e =: 0 or 0.001 to 0.1 . f = 0 or 0.001 to 0.1 and g 
Is dependent on the oxidation state of the other elements, with the proviso that e and f cannot simultaneously be 0. 
[0020] In a fourth aspect, the present Invention provides a catalyst produced by the process comprising: 

15 

(1) admixing compounds of the elements A, M, N, X, Ir and Sm and at least one solvent to fonm an admixture, 
wherein A Is at least one element selected from the group consisting of Mo and W, M is at least one element 
selected from the group consisting of V and Ce. N is at least one element selected from the group consisting of 
Te, Sb and Se, and X is at lest one element selected from the group consisting of Nb, Ta, Ti, Al, Zr, Cr, Mn, Fe, 

20 Ru, Co, Rh, Ni, Pt, Bi, B, In. As. Ge, Sn, Li, Na. K, Rb, Cs. Fr, Be, Mg, Ca, Sr, Ba, Ra. Hf, Pb, P, Pm, Eu, Gd, Dy, 

Ho, Er. Tm, Yb and Lu, and wherein the elements A, M, N, X, Ir and Sm are present in such amounts that the 
atomic ratio of A:M:N:X:lr:Sm is a:b:c:d:e:f and, when a = 1 , b = 0.01 to 1 .0. c = 0.01 to 1 .0, d = 0.01 to 1 .0, e = 0 
or 0.001 to 0.1 and f= 0 or 0.001 to 0.1 . with the proviso that e and f cannot simultaneously be 0; 

(2) removing said at least one solvent from the admixture to obtain a catalyst precursor; and 
25 (3) calcining said catatyst precursor. 

In the case where the initial admixture did not contain one of Ir or Sm (i.e.. e was 0 or f was 0), the missing 
element may be subsequently added, if so desired. In this regard, the process for producing the catalyst may 
further comprise: 

(4) admixing a compound of Sm (or Ir). said calcined catalyst precursor and at least one solvent to form a second 
30 admixture; 

(5) removing said at least one solvent from the second admixture to obtain a second catalyst precursor; and 

(6) calcining said second catalyst precursor. 

[0021] In a fifth aspect, the present invention provides a process for producing an unsaturated carboxyltc acid, which 
35 comprises subjecting an alkane or a mixture of an alkane and an aikene to a vapor phase catalytic oxidation reaction 
in the presence of the catalyst produced by the process comprising: 

(1) admixing compounds of the elements A. M. N, X. Ir and Sm and at least one solvent to form an admixture, 
wherein A is at least one element selected from the group consisting of Mo and W, M is at least one element 

40 selected from the group consisting of V and Ce, N is at least one element selected from the group consisting of 

Te, Sb and Se, and X is at lest one element selected from the group consisting of Nb, Ta, TI, At, Zr. Cr, Mn, Fe, 
Ru, Co, Rh. Ni, R, Bi, B, In. As, Ge, Sn. Li, Na, K, Rb, Cs, Fr, Be. Mg, Ca, Sr, Ba, Ra, Hf, Pb, P, Pm, Eu, Gd, Dy, 
Ho, Er, Tm. Yb and Lu, and wherein the elements A, M, N, X, Ir and Sm are present in such amounts that the 
atomic ratio of A:M:N:X:lr:Sm Is a:b:c:d:e:f and, when a = 1, b = 0.01 to 1.0, c = 0.01 to 1.0, d = 0.01 to 1.0. e - 0 

4S or 0.001 to 0.1 and f = 0 or 0.001 to 0.1 , with the proviso that e and f cannot simultaneously be 0; 

(2) removing said at least one solvent from the admixture to obtain a catalyst precursor; and 

(3) calcining said catalyst precursor. 

[0022] In a sixth aspect, the present invention provides a process for producing an unsaturated nitrile, which com- 
50 prises subjecting an aikane, or a mixture of an alkane and an aikene, and ammonia to a vapor phase catalytic oxidation 
reaction In the presence of the catalyst produced by the process comprising: 

(1) admixing compounds of the elements A, M. N, X. Ir and Sm and at least one solvent to fonn an admixture, 
wherein A is at least one element selected from the group consisting of Mo and W, M is at least one element 
55 selected from the group consisting of V and Ce, N is at least one element selected from the group consisting of 

Te, Sb and Se, and X is at lest one element selected from the group consisting of Nb, Ta, Ti, Al, Zr, Cr, Mn, Fe, 
Ru, Co. Rh. Ni, Pt, Bi, B, In, As, Ge. Sn, Li, Na, K, Rb. Cs. Fr, B , Mg, Ca, Sr, Ba. Ra, Hf, Pb. P, Pm. Eu. Gd, Dy, 
Ho, Er, Tm. Yb and Lu, and wh r in th tern nts A, M, N, X, Ir and Sm ar present in such amounts that th 
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atomic ratio of A:M:N:X:lr:Sm is a:b:c:d:e:f and, wh n a = 1, b = 0.01 to 1.0, c = 0.01 to 1.0, d = 0.01 to 1.0, e = 0 
or 0.001 to 0.1 and f= 0 or 0.001 to 0.1 , with the proviso that e and f cannot simultaneously b 0; 

(2) removing said at I ast on solv nt from the admixture to obtain a catalyst pr cursor; and 

(3) calcining said catalyst precursor. 

[0023] The promoted mixed metal oxide to be used as a catalyst component of the present invention has the empirical 
formula 

AaMbNcXdTeSmjOg 

wherein A is at least one element selected from the group consisting of Mo and W, M is at least one element selected 
from the group consisting of V and Ce, N is at least one element selected from the group consisting of Te, Sb and Se, 
and X is at least one element selected from the group consisting of Nb, Ta, Ti, Al, Zr, Cr, Mn, Fe, Ru, Co, Rh, Ni, Pt, 
Sb, Bi, B, In, As, Ge, Sn, Li, Na, K, Rb, Cs, Fr, Be, Mg, Ca, Sr, Ba, Ra, Hf, Pb, P, Pm, Eu, Gd, Dy. Ho, Er, Tm, Yb and 
Lu; and 

wherein, when a = 1 , b = 0.01 to 1 .0, c = 0.01 to 1 .0, d = 0.01 to 1 .0, e = 0 or 0.001 to 0.1 , f= 0 or 0.001 to 0.1 and g 
is dependent on the oxidation state of the other elements, with the proviso that e and f cannot simultaneously be 0. 
[0024] Preferably, when a = 1 , b = 0.1 to 0.5, c = 0.05 to 0.5, d = 0.01 to 0.5, e = 0.001 to 0.02, and f= 0.001 to 0.02. 
More preferably, when a 1 , b ~ 0.15 to 0.45, c = 0.05 to 0.45, d = 0.01 to 0.1 , e = 0.002 to 0.01 , and f= 0.002 to 0.01 . 
However, in an alternative embodiment, when a = 1 and f = 0, b = 0.01 to 1 .0, c = 0.01 to 1 .0, d = 0.01 to 1 .0 and e = 
0.001 to 0.1 ; preferably, when a = 1 and f = 0, b = 0.1 to 0.5, c = 0,05 to 0.6, d = 0.01 to 0.5 and e = 0.002 to 0.04; 
more preferably, when a = 1 and f = 0, b = 0.1 5 to 0.45, c= 0.05 to 0.45. d = 0.01 to 0.1 and e = 0.005 to 0.02. Moreover 
in a further alternative embodiment, when a = 1 and e = 0, b = 0.01 to 1 .0, c o.OI to 1 .0, d = 0.01 to 1 .0 and f := 0.001 
to 0.1; preferably, when a = 1 and e = 0, b = 0.1 to 0.5, c = 0.05 to 0.5, d = 0.01 to 0.5 and U 0.002 to 0.04; more 
preferably, when a = 1 and e = 0, b = 0.15 to 0.45, c = 0.05 to 0.45. d = 0.01 to 0.1 and f= 0.005 to 0.02. 
[0025] The value of g, i.e. the amount of oxygen present, is dependent on the oxidation state of the other elements 
in the catalyst. However, g is typically In the range of from 3 to 4.7. 

[0026] Preferred promoted mixed metal oxides have the empirical fomnulae MOaVbTecNb^jIr^SmfOg and W^VbTec- 
Nb^lr^SmfOg wherein a, b, c, d, e. f and g are as previously defined. 

[0027] Further, as the promoted mixed metal oxide, one having a certain specific crystal structure is prefen-ed. Spe- 
ciflcally, preference is given to the one which exhibits the following five main diffraction pealcs at specific diffraction 
angles 20 In the X-ray diffraction pattem of the promoted mixed metal oxide (as measured using Cu-Ka radiation as 
the source): 



X-ray lattice plane 


Diffraction angle 26 


Spacing medium 


Relative intensity 


{±0.3**) 


(A) 




22.1*' 


4.02 


100 


28.2" 


3.16 


20-150 


36.2'' 


2.48 


5-60 


45.2'' 


2.00 


2-'40 


50.0» 


1.82 


2-40 



[0028] The Intensity of the X-ray diffraction peaks may vary upon the measuring of each crystal. However, the inten- 
sity, relative to the peak intensity at 22.1 being 1 00, Is usually within the above ranges. Generally, the peak intensities 
at 28 = 22.1 and 28.2*' are distinctly observed. However, so long as the above five diffraction peaks are observable, 
the basic crystal structure Is the same even if other peaks are observed in addition to the five diffraction peaks, and 
such a structure is useful for the present invention. 

[0029] The promoted mixed metal oxide can be prepared in the following manner. 

[0030] in a first step a slurry or solution may be fomned by admixing metal compounds, preferably at least one of 
which contains oxygen, and at least one solvent in appropriate amounts to form the slurry or solution. Preferably, a 
solution is formed at this stage of the catalyst preparation. Generally, the metal compounds contain elements A, M, N, 
X, Ir, Sm and O, as previously defined. 

[0031] SuitabI solv ntsinclud water; ateohols including , but not limit d to, methanol, ethanol, propanoi, and diols, 
etc.; as w II as other polar solvents known In the art. Gen rally, water is pr ferr d. Thewat risanywat rsuitabi for 
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use in ch micai synthes s inciuding, without limitation, distilled water and de-ioniz d wat r. Th amount of water 
pr sentispref rabty an amount suffici nttok epthe lements substantially in solution long enough to avoid or minimiz 
compositional and/or phase s gregatlon during th pr paratlon steps. Accordingly, th amount of water will vary ac- 
cording to the amounts and solubilities of the materials combined. However, as stated above, th amount of water is 

s preferably sufficient to nsur an aqu ous solution is formed , and not a slurry, at the time of mixing. 

[0032] For example, when a mixed metal oxide of the forniula MOaVbTe^Nb^jlrgSmPg wherein the element A Is Mo, 
the element M is V, the element N is Te and the element X is Nb, is to be prepared, an aqueous solution of niobium 
oxalate may be added to an aqueous solution or slurry of ammonium heptamolybdate, ammonium metavanadate, 
telluric acid, Iridium and/or samarium so that the atomic ratio of the respective metal elements would be in the prescribed 

10 proportions. 

[0033] Once the aqueous slurry or solution (preferably a solution) is fonmed. the water is removed by any suitable 
method, known in the art, to fonn a catalyst precursor. Such methods include, without limitation, vacuum drying, freeze 
drying, spray drying, rotary evaporation and air drying. Vacuum drying is generally performed at pressures ranging 
from lOmmHg to SOOmmHg. Freeze drying typically entails freezing the slurry or solution, using , for instance, liquid 

15 nitrogen, and drying the frozen slurry or solution under vacuum. Spray drying is generally performed under an inert 
atmosphere such as nitrogen or argon, with an inlet temperature ranging from 1 25'C to 200*C and an outlet temperature 
ranging from 75*C to 150*C. Rotary evaporation Is generally perfonned at a bath temperature of from 25*C to 90'C 
and at a pressure of from 1 0mmHg to 760mmHg, preferably at a bath temperature of from 40** to 90^*0 and at a pressure 
of from 1 0mmHg to SSOmmHg, more preferably at a bath temperature of from 40'C to 60**C and at a pressure of from 

20 1 0mmHg to 40mmHg. Air drying may be effected at temperatures ranging from 25*C to SO'^C. Rotary evaporation or 
air drying are generally prefen-ed. 

[0034] Once obtained, the catalyst precursor is calcined. The calcination may be conducted in an oxygen-containing 
atmosphere or in the substantial absence of oxygen, e.g., in an inert atmosphere or in vacuo. The inert atmosphere 
may be any material which Is substantially inert, i.e., does not react or interact with, the catalyst precursor. Suitable 
25 examples include, without limitation, nitrogen, argon, xenon, helium or mixtures thereof. Preferably, the Inert atmos- 
phere Is argon or nitrogen. The inert atmosphere may flow over the surface of the catalyst precursor or may not flow 
thereover (a statte environment). When the inert atmosphere does flow over the surface of the catalyst precursor, the 
flow rate can vary over a wide range, e.g., at a space velocity of from 1 to 500 hrV 

[0035] The calcination is usually performed at a temperature of from 350°C to 850**C, preferably from 400''C to 
30 700°C, more preferably from 500'C to 640*C. The calcination Is perfonned for an amount of time suitable to fonn the 
aforementioned catalyst. Typically, the calcination is performed forfrom 0.5 to 30 hours, preferably from 1 to 25 hours, 
more preferably forfrom 1 to 15 hours, to obtain the desired promoted mixed metal oxide. 

[0036] In a preferred mode of operation, the catalyst precursor is calcined in two stages. In the first stage, the catalyst 
precursor is calcined in an oxidizing environment (e.g. air) at a temperature of from 200"C to 400«C, preferably from 

35 275*0 to 325*'C for from 15 minutes to 8 hours, preferably for from 1 to 3 hours. In the second stage, the material from 
the first stage is calcined In a non-oxidizing environment (e.g., an inert atmosphere) at a temperature of from 500'»C 
to 750*'C, preferably for from 550*0 to 650*0, for 15 minutes to 8 hours, preferably for from 1 to 3 hours. Optionally, 
a reducing gas, such as, for example, ammonia or hydrogen, may be added during the second stage calcination. 
[0037] In a particulariy preferred mode of operation, the catalyst precursor in the first stage is placed In the desired 

40 oxidizing atmosphere at room temperature and then raised to the first stage calcination temperature and held there 
for the desired first stage calcination time. The atmosphere Is then replaced with the desired non-oxidizing atmosphere 
for the second stage calcination, the temperature is raised to the desired second stage calcination temperature and 
held there for the desired second stage calcination time. 

[0038] In the previously discussed case, where the Initial mixture does not contain one of Ir and Sm, and where the 
45 missing element is subsequently added, the second admixture may be fonned by the same techniques as noted above. 
Similariy, the removal of the at least one solvent, to form a second catalyst precursor, and the calcination of the second 
catalyst precursor, may be effected in the same manners as set forth above. 

[0039] Although any type of heating mechanism, e.g., a furnace, may be utilized during the calcination, it Is prefen-ed 
to conduct the calcination under a flow of the designated gaseous environment. Therefore, it is advantageous to conduct 
50 the calcination in a bed with continuous flow of the desired gas(es) through the bed of solid catalyst precursor parftcles. 
[0040] With calcination, a catalyst is fomned having the fomiula A^JSA^Jt^^Jr^SmfOg wherein A, M, N, X, O, a, b, c, 
d, e, f and g are as previously defined. 

[0041] The starting materials for the above promoted mixed metal oxide are not limited to those described above. A 
wide range of materials including, for example, oxides, nitrates, halides or oxyhalides, alkoxides, acetytacetonates, 
55 and organometallic compounds may be used. For example, ammonium heptamolybdate may be utilized for the source 
of molybdenum in the catalyst. However, compounds such as M0O3, M0O2, M0OI5, M0OCI4, Mo(OC2H5)5, molybdenum 
acetylacetonat , phosphomolybdic acid and sllicomolybdic acid may also b utilized instead of ammonium heptamo- 
lybdate. Similarly, ammonium metavanadate may be utillz d for th source of vanadium in th catalyst. How v r, 
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compounds such as V2O5, V2O3, VOCI3, VCI4, VO(OC2H5)3, vanadium acetytac tonat and vanadyl acetylacetonate 
may also b utilized Inst ad of ammonium m tavanadate. The tellurium source may includ t Nunc acid, TeC^, T 
(OC2H5)5, T (OCH(CH3)2)4 and T O2. The niobium sourc may include ammonium niobium oxalate. Nb205, NbClg, 
niobic acid or Nb(OC2H5)5 as well as the more conventional niobium oxaiat .Th iridium sourc may be Iridium acety- 
^ s lac tonat . iridium bromid hydrate, iridium chiorid , iridium chloride hydrochloride hydrate, iridium chloride hydrate, 
Iridium oxide, iridium oxide hydrate, iridium oxoacetate trihydrate or iridium dissolved in an aqueous inorganic acid, e. 
g., nitric acid. The samrium source may be samarium (III) acetate hydrate, samarium (III) acetylacetonate hydrate, 
samarium (II) bromide, samarium (III) bromide, samarium (III) bromide hexahydrate, samarium (III) carbonate hydrate, 
samarium (II) chloride, samarium (III) chloride, samarium (III) chloride hexahydrate, samarium (III) fluoride, samarium 

10 (II) Iodide, samarium (III) iodide, damarium (III) isopropoxide, samarium (HI) nitrate hexahydrate, samarium (111) oxalate 
hydrate, samarium (III) oxide or a solution of samarium in an aqueous inorganic acid, e.g., nitric acid 
[0042] A promoted mixed metal oxide, thus obtained, exhibits excellent catalytic activities by itself. However, the 
promoted mixed metal oxide can be converted to a catalyst having higher activities by grinding. 
[0043] There is no particular restriction as to the grinding method, and conventional methods may be employed. As 

15 a dry grinding method, a method of using a gas stream grinder may, for example, be mentioned wherein coarse particles 
are permitted to collide with one another in a high speed gas stream for grinding. The grinding may be conducted not 
only mechanically but also by using a mortar or the like in the case of a small scale operation. 
[0044] As a wet grinding method wherein grinding is conducted in a wet state by adding water or an organic solvent 
to the above mixed metal oxide, a conventional method of using a rotary cylinder-type medium mill or a medium-stirring 

20 type mill, may be mentioned. The rotary cylinder-type medium mill is a wet mill of the type wherein a container for the 
object to be ground is rotated, and It Includes, for example, a ball mill and a rod mill. The medium-stim'ng type mill is 
a wet mill of the type wherein the object to be ground, contained in a container is stin-ed by a stirring apparatus, and 
it includes, for example, a rotary screw type mill, and a rotary disc type mill. 

[0045] The conditions for grinding may suitably be set to meet the nature of the above-mentioned promoted mixed 
25 metal oxide, the viscosity, the concentration, etc. of the solvent used In the case of wet grinding, or the optimum con- 
ditions of the grinding apparatus. However, it is prefen-ed that grinding is conducted until the average particle size of 
the ground catalyst precursor would usually be at most 20M.m, more preferably at most 5fim. Improvement in the catalytic 
perfomnance may occur due to such grinding. 

[0046] Further, in some cases, it is possible to further improve the catalytic activities by further adding a solvent to 
30 the ground catalyst precursor to form a solution or slurry, followed by drying again. There is no particular restriction as 
to the concentration of the solution or slurry, and it is usual to adjust the solution or slurry so that the total amount of 
the starting material compounds for the ground catalyst precursor Is from 1 0 to 60 wt %. Then, this solution or slurry 
is dried by a method such as spray drying, freeze drying, evaporation to dryness or vacuum drying, preferably by the 
spray drying method. Further, similar drying may be conducted also in the case where wet grinding is conducted. 
35 [0047] The oxide obtained by the above-mentioned method may be used as a final catalyst, but it may further be 
subjected to heat treatment usually at a temperature of from 200° to 700°C for from 0.1 to 10 hours. 
[0048] The promoted mixed metal oxide thus obtained may be used by itself as a solid catalyst, but may be fomied 
into a catalyst together with a suitable carrier such as silica, alumina, titania, alumlnosilicate. diatomaceous earth or 
zirconia. Further, It may be molded Into a suitable shape and particle size depending upon the scale or system of the 
40 reactor. 

[0049] Alternatively, the metal components of the presently contemplated catalyst may be supported on materials 
such as alumina, silica, silica-alumina, zirconia, titania, etc. by conventional incipient wetness techniques. In one typical 
method, solutions containing the metals are contacted with the dry support such that the support is wetted; then, the 
resultant wetted material is dried, for example, at a temperature from room temperature to 200°C followed by calcination 
45 as described above. In another method, metal solutions are contacted with the support, typically in volume ratios of 
greater than 3 : 1 (metal solution : support), and the solution agitated such that the metal ions are Ion-exchanged onto 
the support. The metal-containing support Is then dried and calcined as detailed above. 

[0050] In Its second aspect, the present Invention provides a process for producing an unsaturated carboxyilc acid, 
which comprises subjecting an aJkane, or a mixture of an alkane and an alkene, to a vapor phase catalytic oxidation 
50 reaction in the presence of a catalyst containing the above promoted mixed metal oxide, to produce an unsaturated 
carboxyilc acid. 

[0051 ] in the production of such an unsaturated carisoxytic acid. It is preferred to employ a starting material gas which 
contains steam. In such a case, as a starting material gas to be supplied to the reaction system, a gas mixture comprising 
a steam-containing aikane, or a steam-containing mixture of alkane and alkene, and an oxygen-containing gas, is 
55 usually used. However, the steam-containing alkane, or the steam-containing mixture of alkane and alkene, and the 
oxygen-containing gas may be alternately supplied to the reaction system. The steam to be employed may be present 
in the form of steam gas in th reaction system, and the manner of its introduction is not particularly limit d. 
[0052] Furth r, as a diluting gas, an in rt gas such as nitrogen, argon or helium may be supplied. The molar ratio 
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(alkane or mixture of alkan and alk n ) : (oxyg n) : (diluting gas): (HgO) in the starting material gas is preferably (1 ): 
(0.1 to 10): (0 to 20): (0.2 to 70), more preferably (1): (1 to 5.0): (0 to 10): (5 to 40). 

[0053] When steam is supplied together with th alkane, or th mixture of alkane and alkene. as starting material 
gas, th s lectivfty for an unsaturat d carboxyllc acid is distinctly improved, and the unsaturated carboxylic acid can 
be obtained from the alkane, or mixture of alkane and alkene, in good yield simply by contacting in one stage. However, 
the conventional technique utilizes a diluting gas such as nitrogen, argon or helium for the purpose of diluting the 
starting material. As such a diluting gas, to adjust the space velocity, the oxygen partial pressure and the steam partial 
pressure, an inert gas such as nitrogen, argon or helium may be used together with the steam. 
[0054] As the starting material alkane it is preferred to employ a C3.Qalkane, particularly propane, isobutane or n- 
butane; more preferably, propane or isobutane; most preferably, propane. According to the present invention, from 
such an alkane, an unsaturated carboxylte acid such as an a.p-unsaturated carboxylk; add can be obtained in good 
yield. For example, when propane or Isobutane is used as the starting material alkane, acrylic acid or methacrylic acid 
will be obtained, respectively, In good yield. 

[0055] In the present invention, as the starting material mixture of alkane and alkene, it is preferred to employ a 
mixture of C3.8alkane and C3.8alkene, particularly propane and propene, isobutane and isobutene or n -butane and n- 
butene. As the starting material mixture of alkane and alkene, propane and propene or isobutane and isobutene are 
more preferred. Most prefen-ed is a mixture of propane and propene. According to the present invention, from such a 
mixture of an alkane and an alkene, an unsaturated carboxyllc acid such as an a,p-unsaturated carboxylic acid can 
be obtained in good yield. For example, when propane and propene or isobutane and isobutene are used as the starting 
material mixture of alkane and alkene, acrylic acid or methacrylte add will be obtained, respectively, In good yield. 
Preferably, in the mixture of alkane and alkene, the alkene Is present in an amount of at least 0.5% by weight, more 
preferably at least 1 .0% by weight to 95% by weight; most preferably, 3% by weight to 90% by weight. 
[0056] As an alternative, an alkanol, such as isobutanol, which will dehydrate under the reaction conditions to fonm 
its con-esponding alkene, i.e. isobutene, may also be used as a feed to the present process or in conjunction with the 
previously mentioned feed streams. 

[0057] The purity of the starting material alkane is not particularly limited, and an alkane containing a lower alkane 
such as methane or ethane, air or carbon dioxide, as Impurities, may be used without any particular problem. Further, 
the starting material alkane may be a mixture of various alkanes. Similariy, the purity of the starting material mixture 
of alkane and alkene is not particularly limited, and a mixture of alkane and alkene containing a lower alkene such as 
ethene, a lower alkane such as methane or ethane, air or cariDon dioxide, as Impurities, may be used without any 
particular problem. Further, the starling material mixture of alkane and alkene may be a mixture of various alkanes and 
alkenes. 

[0058] There is no limitation on the source of the alkene. It may be purchased, perse, or in admixture with an alkane 
and/or other impurities. Alternatively, it can be obtained as a by-product of alkane oxidation. Similariy, there is no 
limitation on the source of the alkane. It may be purchased, perse, or in admixture with an alkene and/or other impurities. 
Moreover, the alkane, regardless of source, and the alkene, regardless of source, may be blended as desired. 
[0059] The detailed mechanism of the oxidation reaction of the present invention is not cleariy understood, but the 
oxidation reaction is carried out by oxygen atoms present in the above promoted mixed metal oxide or by molecular 
oxygen present in the feed gas. To incorporate molecular oxygen Into the feed gas, such molecular oxygen may be 
pure oxygen gas. However, it is usually more economtoal to use an oxygen-containing gas such as air, since purity Is 
not particularly required. 

[0060] It is also possible to use only an alkane, or a mixture of alkane and alkene, substantially in the absence of 
molecular oxygen for the vapor phase catalytic reaction. In such a case, it is preferred to adopt a method wherein a 
part of the catalyst is appropriately withdrawn from the reaction zone from time to time, then sent to an oxidation 
regenerator, regenerated and then retumed to the reaction zone for reuse. As the regeneration method of the catalyst, 
a method may, for example, be mentioned which comprises contacting an oxidative gas such as oxygen, air or nitrogen 
monoxide with the catalyst In the regenerator usually at a temperature of from 300^ to SOO'^C. 
[0061] The second aspect of the present Invention will be described In further detail with respect to a case where 
propane is used as the starting material alkane and air is used as the oxygen source. The reaction system may be a 
fixed bed system or a fluidized bed system. However, since the reaction is an exothermic reaction, a fluidized bed 
system may preferably be employed whereby It is easy to control the reaction temperature. The proportion of air to be 
supplied to the reaction system is important for the selectivity for the resulting acrylic acid, and it Is usually at most 25 
moles, preferably from 0.2 to 1 8 moles per mole of propane, whereby high selectivity for acrylic acid can be obtained. 
This reaction can be conducted usually under atmospheric pressure, but may be conducted under a slightly elevated 
pressure or slightly reduced pressure. With respect to other alkanes such as isobutane, or to mixtures of alkanes and 
alkenes such as propane and propene, the composition of the feed gas may be selected in accordance with the con- 
ditions for propan . 

[0062] Typical reaction conditions for the oxidation of propane or isobutane to acrylic acid or methacrylic acid may 
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be utillz d in the practice of the present invention. The process nnay b practic d in a single pass mode (only fresh 
fe d is f d to the r actor) or In a recycle mod (at I ast a portion of th reactor effluent is returned to th reactor). 
G n ral conditions for the proc ss of the pr s nt invention are as follows: the reaction temperature can vary from 
200**C to 700*^0, but is usually in the range of from aOO'C to 550**C, more preferably 250*^0 to 480''C, most preferably 
300'C to 400®C; the gas space velocity, SV, in the vapor phase reactor is usually within a range of from 1 00 to 10,000 
hri, preferably 300 to 6,000 hr"* , more preferably 300 to 2.000 hr"" ; the average contact time with the catalyst can be 
from 0.01 to 1 0 seconds or more, but is usually in the range of from 0.1 to 1 0 seconds, preferably from 2 to 6 seconds; 
the pressure in the reaction zone usually ranges from 0 to 75 psig, but is preferably no more than 50 psig. In a single 
pass mode process, it is preferred that the oxygen be supplied from an oxygen -containing gas such as air. The single 
pass mode process may also be practiced with oxygen addition. In the practice of the recycle mode process, oxygen 
gas by Itself is the preferred source so as to avoid the build up of inert gases in the reaction zone. 
[0063] Of course, in the oxidation reaction of the present invention, it is important that the hydrocarbon and oxygen 
concentrations in the feed gases be maintained at the appropriate levels to minimize or avoid entering a flammable 
regime within the reaction zone or especially at the outlet of the reactor zone. Generally, it is prefen-ed that the outlet 
oxygen levels be low to both minimize after-buming and, particularly, in the recycle mode of operation, to minimize the 
amount of oxygen in the recycled gaseous effluent stream. In addition, operation of the reaction at a low temperature 
(below 450''C) is extremely attractive because after-buming becomes less of a problem which enables the attainment 
of higher selectivity to the desired products. The catalyst of the present invention operates more efficiently at the lower 
temperature range set forth above, significantly reducing the fomiation of acetic acid and carbon oxides, and increasing 
selectivity to acrylic acid. As a diluting gas to adjust the space velocity and the oxygen partial pressure, an inert gas 
such as nitrogen, argon or helium may be employed. 

[0064] When the oxidation reaction of propane, and especially the oxidation reaction of propane and propene. is 
conducted by the method of the present invention, carbon monoxide, carbon dioxide, acetic acid, etc. may be produced 
as by-products, in addition to acrylic acid. Further, in the method of the present invention, an unsaturated aldehyde 
may sometimes be formed depending upon the reaction conditions. For example, when propane is present In the 
starting material mixture, acrolein may be formed; and when isobutane is present In the starting material mixture, 
methacrolein may be fomied. In such a case, such an unsaturated aldehyde can be converted to the desired unsatu- 
rated carboxyllc acid by subjecting It again to the vapor phase catalytic oxidation with the promoted mixed metal oxide- 
contalnlng catalyst of the present invention or by subjecting It to a vapor phase catalytic oxidation reaction with a 
conventional oxidation reaction catalyst for an unsaturated aldehyde. 

[0065] In its third aspect, the method of the present invention comprises subjecting an alkane, or a mixture of an 
alkane and an alkene, to a vapor phase catalytic oxidation reaction with ammonia In the presence of a catalyst con- 
taining the above mixed metal oxide, to produce an unsaturated nitrile. 

[0066] In the production of such an unsaturated nitrile, as the starting material alkane, it is preferred to employ a 
C3.Qalkane such as propane, butane, isobutane, pentane, hexane and heptane. However, in view of the industrial 
application of nitriles to be produced, it is preferred to employ a lower alkane having 3 or 4 carbon atoms, particularly 
propane and isobutane. 

[0067] Simllariy, as the starting material mixture of alkane and alkene, it is preferred to employ a mixture of Cg^alkane 
and C3.8alkene such as propane and propene, butane and butene, isobutane and isobutene, pentane and pentene, 
hexane and hexene, and heptane and heptene. However, in view of the industrial application of nitriles to be produced. 
It is more prefen^ed to employ a mixture of a lower alkane having 3 or 4 cartDon atoms and a lower alkene having 3 or 
4 carbon atoms, particularly propane and propene or isobutane and isobutene. Preferably, in the mixture of alkane and 
alkene, the alkene is present in an amount of at least 0.5% by weight, more preferably at least 1 .0% by weight to 95% 
by weight, most preferably 3% by weight to 90% by weight. 

[0068] The purity of the starting material alkane is not particularly limited, and an alkane containing a lower alkane 
such as methane or ethane, air or carbon dioxide, as Impurities, may be used without any particular problem. Further, 
the starting material alkane may be a mixture of various alkanes. Similarty, the purity of the starting material mixture 
of alkane and alkene Is not particularly limited, and a mixture of alkane and alkene containing a lower alkene such as 
ethene, a lower alkane such as methane or ethane, air or cartson dioxide, as impurities, may be used without any 
particular problem. Further, the starting material mixture of alkane and alkene may be a mixture of various alkanes and 
aikenes. 

[0069] There is no limitation on the source of the alkene. It may be purchased, per se, or In admixture with an alkane 
and/or other Impurities. Altematively, it can be obtained as a by-product of alkane oxidation. Similarty, there Is no 
limitation on the source of the alkane. It may be purchased, perse, or in admixture with an alkene and/or other impurities. 
Moreover, the alkane, regardless of source, and the alkene, regardless of source, may be blended as desired. 
[0070] The detailed mechanism of the ammoxidation reaction of this aspect of the present invention is not clearly 
understood. However, the oxidation r action is conducted by the oxyg n atoms pr s nt in th above promot d mix d 
metal oxid or by th molecular oxygen in the feed gas. When mol cular oxygen is Incorporated In th f ed gas, th 
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oxyg n maybepureoxyg ngas. Howev r, sine high purity is not required, it is usually economical to use an oxyg n- 
containing gas such as air. 

[0071] As th feed gas, It Is possible to use a gas mixtur comprising an alkane, or a mixture of an alkan and an 
alken , ammonia and an oxygen-containing gas, How v r, a gas mixture comprising an alkane or a mixtur of an 
alkane and an alkene and ammonia, and an oxygen-containing gas may be supplied alternately. 
[0072] When the gas phase catalytic reaction Is conducted using an alkane. or a mixture of an alkane and an alkene. 
and ammonia substantially free from molecular oxygen, as the feed gas, It Is advisable to employ a method wherein 
a part of the catalyst is periodically withdrawn and sent to an oxidation regenerator for regeneration, and the regenerated 
catalyst Is returned to the reaction zone. As a method for regenerating the catalyst, a method may be mentioned 
wherein an oxidizing gas such as oxygen, air or nitrogen monoxide Is pemiltted to flow through the catalyst in the 
regenerator usually at a temperature of from 300^C to OOO'^C. 

[0073] The third aspect of the present Invention will be described in further detail with respect to a case where propane 
is used as the starting material alkane and air Is used as the oxygen source. The proportion of air to be supplied for 
the reaction is Important with respect to the selectivity for the resulting acrylonitrile. Namely, high selectivity for acry- 
lonitrile is obtained when air is supplied within a range of at most 25 moles, partlculariy 1 to 15 moles, per mole of the 
propane. The proportion of ammonia to be supplied for the reaction is preferably within a range of from 0.2 to 5 moles, 
particularly from 0.5 to 3 moles, per mole of propane. This reaction may usually be conducted under atmospheric 
pressure, but may be conducted under a slightly Increased pressure or a slightly reduced pressure. With respect to 
other alkanes such as Isobutane, or to mixtures of alkanes and alkenes such as propane and propene, the composition 
of the feed gas may be selected in accordance with the conditions for propane. 

[0074] The process of the third aspect of the present Invention may be conducted at a temperature of, for example, 
from 250'*C to 480*C. More preferably, the temperature Is from 300*C to 400^C. The gas space velocity. SV, In the 
gas phase reaction is usually within the range of from 100 to 10,000 hr"*, preferably from 300 to 6.000 hr^, more 
preferably from 300 to 2,000 hr'i. As a diluent gas, for adjusting the space velocity and the oxygen partial pressure, 
an inert gas such as nitrogen, argon or helium can be employed. When ammoxidation of propane Is conducted by the 
method of the present invention, in addition to acrylonitrile, carbon monoxide, carbon dioxide, acetonitrile, hydrocyank: 
acid and acrolein may form as by-products. 

Comparative Example 1 and Examples 1 - 6 

Comparative Example 1 

[0075] 12 mL of an aqueous solution containing ammonium heptamolybdate tetrahydrate (1.0M Mo), ammonium 
metavanadate (0.3M V) and telluric acid (0.23 Te), formed by dissolving the corresponding salts in water at 70°C, was 
added to a 50mL pyrex tube. Then 6mL of an aqueous solution of niobium oxalate (0.25M Nb) and oxalic acid (0.31 M) 
were added thereto. After removing the water at 60*'C, under 100 to 40 mmHg, the solid materials were further dried 
In a vacuum oven at 25**C overnight and then calcined. (Calcination was effected by placing the solid materials in an 
air atmosphere and then heating them to 275**C at 1 0^C/min and holding them under the air atmosphere at 275'C for 
one houn the atmosphere was then changed to argon and the material was heated from 275*'C to eoo^'C at 2*'C/mtn 
and the material was held under the argon atmosphere at 600*»C for two hours.) The final catalyst (2.5g) had a nominal 
composition of Mo^ Vq aTeo ^sNbo^gsOx- The catalyst, thus obtained, was pressed In a mold and then broken and sieved 
to 10 - 20 mesh granules for reactor evaluation. 

Example 1 

[0076] 12 mL of an aqueous solution containing ammonium heptamolybdate tetrahydrate (1.0M Mo), ammonium 
metavanadate (0.3M V) and telluric acid (0.23 Te), fonmed by dissolving the corresponding salts In water at 70**C, was 
added to a 50mL pyrex tube. Then 6mL of an aqueous solution of niobium oxalate (0.25M Nb) and oxalic acid (0,31 M) 
and 1 .15mL of iridium In 5% HNO3 (1 0,000M.g/mL) were added thereto. After removing the water at 50''C, under 100 
to 40 mmHg, the solid materials were further dried in a vacuum oven at 25'C overnight and then calcined. (Calcination 
was effected by placing the solid materials in an air atmosphere and then heating them to 275°C at lO^'C/min and 
holding them under the air atmosphere at 275*'C for one hour; the atmosphere was then changed to argon and the 
material was heated from 275*'C to eoO'^C at 2''C/min and the material was held under the argon atmosphere at SOO^'C 
fortwo hours.) The final catalyst (2.5g) had a nominal composition of Iro oosMoiVo sTeo gaNbo^ggOx. The catalyst, thus 
obtained, was pressed in a mold and then broken and sieved to 10 - 20 mesh granules for reactor evaluation. 
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Exampi 2 

[0077] 12 mL of an aqu ous solution containing amnionium heptamolybdate t trahydrate (1.0M Mo), ammonium 
metavanadat (0.3IS/I V) and telluric acid (0.23 Te), fonmed by dissolving the corresponding salts in water at 70*^0, was 
added to a 50mL pyr x tube. Then 6mL of an aqueous solution of niobium oxalate (0.25M Nb) and oxalic acid (0.31 M) 
and 2.3mL of Iridium in 5% HNO3 (1 0.OOO^ig/mL) were added thereto. After removing the water at 50"C, under 1 00 to 
40 mmHg, the solid materials were further dried in a vacuum oven at 25*C overnight and then calcined. (Calcination 
was effected by placing the solid materials in an air atmosphere and then heating them to 275'C at 10°C/min and 
holding them under the air atmosphere at 275°C for one hour; the atmosphere was then changed to argon and the 
material was heated from 275*»C to 600*»C at 2*C/min and the material was held under the argon atmosphere at 600*C 
for two hours.) The final catalyst (2.5g) had a nominal composition of lro.oiMo^Vo.3Teo^Nbo.i250x- "^^^ catalyst, thus 
obtained, was pressed in a mold and then broken and sieved to 10 • 20 mesh granules for reactor evaluation. 

Example 3 

[0078] 12 mL of an aqueous solution containing ammonium heptamolybdate tetrahydrate (1.0M Mo), ammonium 
metavanadate {0.3M V) and telluric acid (0.23 Te), fomned by dissolving the corresponding salts in water at 70*'C, was 
added to a 50mL pyrex tube. Then 6mL of an aqueous solution of niobium oxalate (0.25M Nb) and oxalic acid (0.31 M) 
and 4.6mL of iridium in 5% HNO3 (1 0.OOOKig/mL) were added thereto. After removing the water at 50'C, under 1 00 to 
40 mmHg, the solid materials were further dried in a vacuum oven at 2S<»C ovemight and then calcined. (Calcination 
was effected by placing the solid materials in an air atmosphere and then heating them to 275*'C at lO'^C/mln and 
holding them under the air atmosphere at 275*'C for one hour; the atmosphere was then changed to argon and the 
material was heated from 275°C to 600**C at 2°C/mln and the material was held under the argon atmosphere at 600*»C 
for two hours.) The final catalyst (2.5g) had a nominal composition of Iro.oaMoiVo ^Teo^Nbo lagO^. The catalyst, thus 
obtained, was pressed in a mold and then broken and sieved to 10 - 20 mesh granules for reactor evaluation. 

Example 4 

[0079] 12 mL of an aqueous solution containing ammonium heptamolybdate tetrahydrate (1.0M Mo), ammonium 
metavanadate (0.3M V) and telluric acid (0.23 Te), formed by dissolving the corresponding salts in water at 70°C, was 
added to a 50mL pyrex tube. Then 6mL of an aqueous solution of niobium oxalate (0.25M Nb) and oxalic acid 00 
(0.31 M) and 0.9mL of a solution of samarium In 5%HN03 (1 0,OOO^g/mL) were added thereto. After removing the water 
at SO'^C, under 100 to 40 mmHg, the solid materials were further dried In a vacuum oven at 25**C ovemight and then 
calcined. (Cateinatlon was effected by placing the solid materials In an air atmosphere and then heating them to 276*'C 
at 1 0*»C/min and holding them under the air atmosphere at 275*'C for one hour; the atmosphere was then changed to 
argon and the material was heated from 275'»C to 600*'C at 2°C/min and the material was held under the argon atmos- 
phere at eOO'^C for two hours.) The final catalyst (2.5g) had a nominal composition of Smo.oo5MoiVo,3Teo.23Nbo.i250f- 
The catalyst, thus obtained, was pressed in a mold and then broken and sieved to 10 - 20 mesh granules for reactor 
evaluation. 

Example 5 

[0080] 12 mL of an aqueous solution containing ammonium heptamolybdate tetrahydrate (1.0M Mo), ammonium 
metavanadate (0.3M V) and telluric acid (0.23 Te), fonned by dissolving the corresponding salts In water at 70'*C, was 
added to a 50mL pyrex tube. Then 6mL of an aqueous solution of niobium oxalate (0.25M Nb) and oxalic acid (0.31 M) 
and 1 .8mL of a solution of samarium In 5%HN03 (1 0.OOO^g/mL) were added thereto. After removing the water at 50**C, 
under 1 00 to 40 mmHg, the solid materials were further dried In a vacuum oven at 25''C ovemight and then calcined. 
(Calcination was effected by placing the solid materials In an air atmosphere and then heating them to 275''C at 1 0^'C/ 
min and holding them under the air atmosphere at 275°C for one hour; the atmosphere was then changed to argon 
and the material was heated from 275''C to 600''C at 2*»C/mln and the material was held under the argon atmosphere 
at 600°C for two hours.) The final catalyst (2.5g) had a nominal composition of Smo oiMoiVo^aTeQ^Nbo ^gsOf- The 
catalyst, thus obtained, was pressed in a mold and then broken and sieved to 10-20 mesh granules for reactor 
evaluation. 

Example 6 

[0081] 12 mL of an aqu ous solution containing ammonium heptamolybdate tetrahydrate (1.0M Mo), ammonium 
m tavanadate (0.3M V) and telluric acid (0.23 T ), form d by dissolving th corr sponding salts in water at 70''C, was 
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added to a 50mL pyrex tub . Then 6mL of an aqu ous solution of niobium oxatat (0.25l\^ Nb) and oxalic acid (0.31 M) 
and 3.6mL of a solution of samarium in 5%HN03 { 1 0.OOO^ig/mL) w re added thereto. After removing th water at 50'C, 
under 1 00 to 40 mmHg, the solid materials w r further dried in a vacuum oven at ZS^'C overnight and then calcined. 
(Calcination was effected by placing th solid mat rials in an air atmospher andth nh atingth m to 275''C at 1 0^'C/ 
5 min and holding them under the air atmosphere at 275°C for one hour; the atmosphere was then changed to argon 
and the material was heated from 275'*C to 600**C at 2''CAnln and the material was held under the argon atmosphere 
at eoO'C for two hours.) The final catalyst (2.5g) had a nominal composition of Smo.o2Mo^Vo,3Teo.23Nbo.i250x- The 
catalyst, thus obtained, was pressed in a mold and then broken and sieved to 1 0 - 20 mesh granules for reactor 
evaluation. 

10 

Evaluation and Results 
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[0082] Catalyst were evaluated In a 10cm long Pyrex® tube reactor (internal diameter: 3.9mm). The catalyst bed 
(4cm long) was positioned with glass wool at approximately mtdlength in the reactor and was heated with an electric 
furnace. Mass flow controllers and meters regulated the gas flow rate. The oxidation was conducted using a feed gas 
stream of propane, steam and air, with a feed ratio of propane : steam : air of 1 : 3 : 96. The reactor effluent was 
analyzed by an FTiR. The results (along with reaction temperature and residence time) are shown in Table 1 . 

Table 1 



Catalyst 


Temperature 

ro 


Residence Time 
(sec) 


Propane Conversion 
(%) 


Acrylic Acid Yield 
(%) 


Comp. Ex. 1 


390 


3 


41 


17 


Ex. 1 


390 


3 


42 


18 


Ex.2 


390 


3 


32 


23 


Ex.3 


390 


3 


35 


24 


Ex.4 


390 


3 


41 


27 


Ex.5 


390 


3 


38 


27 


Ex.6 


390 


3 


48 


32 



Comparative Example 2 and Example 7 
Comparative Example 2 

[0083] In a flask containing 215 g of water, 25.68 g of ammonium heptamolybdate tetrahydrate (Aldrich Chemical 
Company), 5.06 g of ammonium metavanadate (Alfa-Aesar) and 7.68 g of telluric acid (Aldrich Chemical Company) 
were dissolved upon heating to 70°C. After cooling to 40*»C, 2.84 g of oxalic acid (Aldrich Chemical Company) was 
dissolved in 122.94g of an aqueous solution of niobium oxalate (H.C. Starck). containing 1.25% Nb. This was then 
added to the 3 component mixture to obtain a solution. The water of this solution was removed via a rotary evaporator 
with a wamri water bath at 50''C and 28 mm/IHg to obtain 46 g of precursor solid. This catalyst precursor solid was 
calcined In a quartz tube heated to 275 °C at lO^C/min. with a lOOcc/min. flow of air through the tube and held for one 
hour, then using a 1 0Occ/min flow of argon, ramped to eoo^'C at 2*'C/mln and held for 2 hours. The catalyst thus obtained 
was pressed In a mold and then broken and sieved to 10-20 mesh granules for reactor evaluation. 

Example 7 

[0084] 100 mL of an aqueous solution containing ammonium heptamolybdate tetrahydrate (1 .OM Mo), ammonium 
metavanadate (0.3M V) and telluric acid (0.23 Te), fonned by dissolving the corresponding salts In water at 70*'C, was 
added to a lOOOmL rotavap flask. Then 50mL of an aqueous solution of niobium oxalate (0.25M Nb) and oxalic acid 
(0.31 M) and 30 mL of samarium In 5%HN03 (10000n,g/mL) were added thereto. After removing the water via a rotary 
evaporator with a wamn water bath at 50*'C and 28 mm/Hg, the solid materials were further dried in a vacuum oven at 
25''C overnight. This solid precursor were calcined by placing the solid materials in an air atmosphere and then heating 
them to 275''C at lO^'C/min and holding them under the air atmosphere at 275*'C for one hour; the atmosphere was 
then changed to argon and the material was heated from 275'*C to eoo^'C at 2 ^'C/mln and the material was held under 
th argon atmosphere at eoO'^C for two hours. 
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[0085] Thiscalcin d materials wer thenimpr gnat clwith40mLof Iridium in 10% aqHCI solution follow d by drying 
via rotavap at SO^'C and further drying in a vacuum oven at 25**C overnight. This dried materials w re th n calcined 
with the same procedure described above. Th final catalyst had a nominal composition of 
^^^.o^o.3^ o,23Nbo.i25'ro.oo2Snio.o20g. Th catalyst thus obtained was pressed In a mold and th n broken and sieved 
to 1 0-20 m sh granules for reactor evaluation. 

Evaluation and Results 

[0086] Catalysts were evaluated in a 10cm long Pyrex® tube reactor (intemal diameter: 3.9mm). The catalyst bed 
(4cm long) was positioned with glass wool at approximately midlength In the reactor and was heated with an electric 
fumace. Mass flow controllers and meters regulated the gas flow rate. The oxidation was conducted using a feed gas 
stream of propane, steam and air, with a feed ratio of propane : steam : air of 1 : 3 : 96. The reactor effluent was 
analyzed by an FTIR. The results at 390C and 3 second residence time are shown in Table 2. 



Table 2 



Example 


%C3 


%AA 


% AA SeL 


%CO 


% C02 


C0/C02 




Conv. 


Yield 




Yield 


Yield 




1 


76 


10 


13 


36 


27 


1.33 


2 


42 


33 


79 


6 


8 


0.75 



Claims 

1 . A catalyst comprising a promoted mixed metal oxide having the empirical fonnula 

AaMbNcXdlreSm^Og 

wherein A is at least one element selected from the group consisting of Mo and W, M is at least one element 
selected from the group consisting of V and Ce, N is at least one element selected from the group consisting of 
Te, Sb and Se, and X is at least one element selected from the group consisting of Nb. Ta. Ti, Al. Zr, Cr. Mn, Fe. 
Ru, Co, Rh, Ni. R, Sb, Bi, B, In, As, Ge, Sn, Li, Na. K, Rb. Cs, Fr, Be, Mg, Ca, Sr. Ba, Ra, Hf , Pb, P, Pm. Eu, Gd. 
Dy, Ho, Er, Tm, Yb and Lu; and 

wherein, when a = 1 , b = 0.01 to 1 .0, c = 0.01 to 1 .0, d = 0.01 to 1 .0, e = 0 or 0.001 to 0.1 , f= 0 or 0.001 to 0.1 and 
g is dependent on the oxidation state of the other elements, with the proviso that e and f cannot simultaneously be 0. 

2. The catalyst according to claim 1 , wherein M is V, N is Te and/or Sb and X is Nb. 

3. The catalyst according to claim 1 . wherein e = 0. 

4. The catalyst according to claim 1 , wherein f= 0. 

5. The catalyst according to claim 4, wherein A is Mo and N is Te. 

6. A process for producing an unsaturated carboxylic acid, which comprises subjecting an alkane or a mixture of an 
alkane and an alkene to a vapor phase catalytic oxidation reaction in the presence of a catalyst containing a 
promoted mixed metal oxide having the empirical formula 

AaMbNcXdlreSm^Og 

wherein A is at least one element selected from the group consisting of Mo and W, M Is at least one element 
selected from the group consisting of V and Ce, N Is at least one element selected from the group consisting of 
Te, Sb and Se, and X is at least one element selected from the group consisting of Nb, Ta, Ti, Al, Zr, Cr, Mn, Fe, 
Ru, Co, Rh, Ni, Pt, Sb, Bi, B, In, As. Ge, Sn, LI. Na. K. Rb. Cs. Fr. Be. Mg. Ca, Sr. Ba. Ra. Hf, Pb. P, Pm. Eu, Gd. 
Dy, Ho, Er, Tm, Yb and Lu; and 

wh rein, wh n as 1, b = 0.01 to 1.0. c := 0.01 to 1.0, d- 0.01 to 1.0, e = 0 or 0.001 to 0.1, f= 0 or 0.001 to 0.1 
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andgisdep n dent on the oxidation state of the other lem nts, withth proviso that and f cannot simultaneously 
b 0. 

7. A process for producing an unsaturated nitrile, which comprises subjecting an alkan , or a mixture of an alkane 
and an alkene, and ammonia to a vapor phase catalytic oxidation reaction in the presence of a catalyst containing 
a promoted mixed metal oxide having the empirical fonnula 

AaMbNcXdlr^Sm^Og 

wherein A is at least one element selected from the group consisting of Mo and W, M is at least one element 
selected from the group consisting of V and Ce, N is at least one element selected from the group consisting of 
Te, Sb and Se, and X is at least one element selected from the group consisting of Nb, Ta, 71, Al, Zr, Cr, Mn, Fe, 
Ru, Co. Rh. Nl, Pt, Sb, Bi. B, In. As, Ge, Sn, LI. Na. K, Rb, Cs, Fr. Be. Mg. Ca. Sr. Ba. Ra. Hf, Pb, P. Pm, Eu. Gd, 
Dy, Ho, Er, Tm, Yb and Lu; and 

wherein, when a = 1 , b = 0.01 to 1 .0. c = 0.01 to 1 .0, d = 0.01 to 1 .0, e = 0 or 0.001 to 0.1 , f= 0 or 0.001 to 0.1 and 
g is dependent on the oxidation state of the other elements, with the proviso that e and f cannot simultaneously be 0. 

8. A catalyst produced by the process comprising: 

(1 ) admixing compounds of the elements A, M, N, X, Ir and Sm and at least one solvent to forni an admixture, 
wherein A is at least one element selected from the group consisting of Mo and W. M is at least one element 
selected from the group consisting of V and Ce, N is at least one element selected from the group consisting 
of Te, Sb and Se. and X is at lest one element selected from the group consisting of Nb, Ta, Ti. Al, Zr, Cr. Mn. 
Fe. Ru. Co, Rh. Nl. R, BI. B, In, As. Ge. Sn. LI. Na, K. Rb, Cs. Fr. Be, Mg, Ca, Sr. Ba. Ra, Hf. Pb. P, Pm, Eu, 
Gd. Dy. Ho, Er. Tm, Yb and Lu, and wherein the elements A, M, N, X. Ir and Sm are present In such amounts 
that the atomic ratio of A:M:N:X:lr:Sm is a:b:c:d:e:f and wherein when a = 1 , b = 0.01 to 1 .0, c = 0.01 to 1 .0. 
d = 0.01 to1.0.e = 0or0.001 to 0.1 andf =0or0.001 to 0.1, with the proviso that e and f cannot simultaneously 
be 0; 

(2) removing said at least one solvent from the admixture to obtain a catalyst precursor; and 

(3) calcining said catalyst precursor. 

9. A process for producing an unsaturated carboxylic acid, which comprises subjecting an alkane or a mixture of an 
alkane and an alkene to a vapor phase catalytic oxidation reaction in the presence of the catalyst according to 
claim 8. 

10. A process for producing an unsaturated nitrile, which comprises subjecting an alkane, or a mixture of an alkane 
and an alkene, and ammonia to a vapor phase catalytic oxidation reaction In the presence of the catalyst according 
to claim 8. 



15 



EP1 192 986 A1 




&iropMn PMMit PARTIAL EUROPEAN SEARCH REPORT Appae«ban Numt^r 

Shan t)econawB f B < t tor ttieputpoges off s ub sequ en i 
proceedings, as ffw European seaich raport 





DOCUMENTS CONSIDERED TO BE RELEVANT 




Catagcry 


citation 01 document with tndlcatton, wheie apDropftaitt, 
01 relevant passaoM 


Relevant 
tociaim 


CU^SSnCATON OF THE 
APPUCATIOM (tnLCLT) 


X 
Y 
Y 


DE 198 47 656 A (ASAHI CHEMICAL IND) 
6 May 1999 (1999-05-06) 

* claims 1-10; examples 1*5 * 

EP 0 475 351 A (NITTO CHEMICAL INDUSTRY 
CO.) 18 March 1992 (1992*03-18) 

* page 2, line 3 - line 6; claim 1 « 


1-3.7,8, 
10 

4-6,9 
4.5 


B01J23/00 

B01J23/28 

601J23/46 

B01J27/057 

C07C253/24 

C07C51/215 


Y 


tr 0 9dZ Z93 A (KOHH & HAAS) 
8 December 1999 (1999-12-08) 
* Claims 1,14,15 * 


6.9 




D,A 


US 6 043 185 A (CASSIDY TIMOTHY J ET AL) 
28 March 2000 (2000-03-28) 
* Claims 1-18 * 


1-10 










TECHNICAL FIELOS 

seARcieo (inbCLT) 








SOU 
C07C 


INCOMPLETE SEARCH 




ThoSeaniiOMakxioansklsrettiatttiepreeemappltosilon, or one or mom of it» otatHs^ doea/i 

not oofnptjr wKh ihfi EPC 10 aueh n fldoM ihBi A montn^ 

ba esnted out or can only b8 evM 001 pwila%» tor ttWM olilnML 


do 
mot 




CUmaei 


Bicbed oomplttta^ : 






Oatmsaa 


BPched fewomplalaiy : 






Clakns Txit searched : 






Raaoon for the Imllaflon of the aeaich: 






see sheet C 







RmoTMrn 

BERLIN 



8 January 2002 



Cubas Alcaraz, J 



CATEGC»1Y OF CfTED DOCLWENTS 

X: partlodaflynBlevaittVtaloen alone 
Y : partio^ty fsiavenr t oonMnad «n> BiMlhar 
docuntent of the a 

A: 
O: 
P: 



T : theory or prtK^le umtoflylng the irwantlon 
E : oeiUar patent ctocumant. tnH putiUBliod on. or 



& : msmCier of the t 



■ petani tan^, ooneapondtnQ 



16 



EP1 192 986 A1 



^^T^ INCOMPLETE SEARCH 

SHEET C EP 01 30 8128 



Cla1m($} searched completely: 
2 

Clalm(s) searched Incompletely: 
1, 3-10 

Reason for the limitation of the search: 

Present claims 1 and 3-10 relate to an extremely large number of possible 
catalyst compositions. Support within the meaning of Article 84 EPC 
and/or disclosure within the meaning of Article 83 EPC is to be found, 
however, for only a very small proportion of the catalytic composition 
claimed. In the present case, the claims so lack support, and the 
application so lacks disclosure, that a meaningful search over the whole 
of the claimed scope Is Impossible. Consequently, the search has been 
carried out for those parts of the claims which appear to be supported 
and disclosed, namely those parts relating to the catalyst composition of 
claim 2. 



17 



EP1 192 986 A1 



ANNEX TO THE EUROPEAN SEARCH REPORT 
ON EUROPEAN PATENT APPLICATION NO. 



EP 01 30 8128 



TWb annex Osts the patent famUy memberBrelaIno to the patOTi documents dtad tn the above-menttoned European search report. 
The fnennbera are as ooiTtatned tn the European Patent ORioe EDP file on 

im European Patoni Offiod is in no wayHalile lor these parvculare wNch are merely given lorihe pupoeeof fciliDnnaflon. 

08-01-2002 



Patent documsnt 
cHed In ieaich report 



Putilteallon 



Patent family 
is) 



Putitcatton 



DE 19847656 A 



06-05-1999 CN 
DE 
JP 
US 



1216721 A 
19847656 Al 
11244702 A 

6043186 A 



EP 475351 



18-03-1992 



OP 
JP 
DE 
DE 
EP 
ES 
KR 
US 



3142549 82 
4118051 A 
69101685 Dl 
69101685 T2 
0475351 Al 
2055501 T3 
191368 Bl 
5132269 A 



EP 0962253 A 



08-12-1999 BR 
CN 
EP 
JP 

US 
US 



9901568 A 
1236672 A 
0962253 A2 

2000024501 A 
6180825 Bl 

2001049336 Al 



US 6043185 A 



28^3-2000 WO 



0059869 Al 



19-05-1999 
06-05-1999 
14-09-1999 
28-03-2000 



07-03-2001 

20- 04-1992 
19-05-1994 
25-08-1994 
18-03-1992 
16-08-1994 
15-06-1999 

21- 07-1992 



21-12-1999 
01-12-1999 
08-12-1999 
25-01-2000 
30-01-2001 
06-12-2001 



12-10-2000 



S For mere c 



t ttils annex :eee Offldai Journal of the European Patent Office. No. 12/82 



18 



